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Dense concentric circle scanning protocol for measuring pulsatile retinal blood flow in rats with Doppler optical coherence tomography 1 Introduction Pulsatile retinal blood flow (BF) is associated with a number of ocular vascular-related diseases, such as diabetic retinopathy, 1 central retinal venous occlusion, 2 age-related macular degeneration, 3 and glaucoma. 4 Recent studies [1] [2] [3] [4] indicated that metrics that characterize the pulsatility of retinal BF are sensitive to early pathophysiological changes in the retina, therefore accurate assessment of retinal BF pulsatility can aid the early diagnosis of potentially blinding diseases. Previously, different optical imaging modalities, such as scanning laser ophthalmology, 5 laser Doppler velocimetry, 6 and retinal vessel analyzer 7 have been used for assessment of the pulsatility of retinal BF. In comparison, Doppler optical coherence tomography (DOCT) offers higher sensitivity and provides simultaneously both structural and BF/blood perfusion information about the imaged object, which offers an opportunity to examine the relationship between morphological and BF changes in the retina induced by retinal diseases. 8 Since DOCT measures only axial BF along the imaging beam direction, precise knowledge of the angle between the incident beam and the blood vessel is necessary in order to assess absolute retinal BF. Dual-beam DOCT 9,10 utilizes two imaging beams incident on the same location in the imaged blood vessel in order to determine more precisely the absolute BF. However, this method requires more complex and expensive design of the OCT system, while precise alignment of the two imaging beams at the same location in the retina can be difficult and time consuming. An alternative approach to measuring absolute retinal BF with DOCT is to utilize a dual-circle scanning pattern 6 and use the location displacement of blood vessels between the two circular OCT scans to calculate the Doppler angle. One limitation of this approach is that it is based on the assumption that the retinal blood vessel runs along a straight line between the two circular OCT scans, which is frequently not the case. A virtual concentric scan 11 method and an OCT angiography-based approach 12 have also been proposed for absolute BF assessment. Both of these methods utilize a raster-scanned volumetric OCT image stack of the retina and repeated circular OCT scans that are acquired separately, and later coregistered with the volumetric images in order to determine the Doppler angle of blood vessels. These approaches are very sensitive to eye motion artifacts, while precise registration of the retinal blood vessels between the circular scans and the volumetric image stacks can be problematic. En-face Doppler OCT 13,14 offers a Doppler angleindependent approach to calculation of the absolute retinal BF by integrating the axial BF from an en-face image. However, this approach requires ultrafast image acquisition or excellent synchronization of the OCT images with the cardiac cycle.
Here, we present an alternative scanning protocol that utilizes a dense concentric circular scan pattern over a doughnut-shaped area of the retina centered at the optic nerve head (ONH), and an automatic retinal blood vessel segmentation algorithm, for more precise quantification of the absolute and pulsatile retinal BF. This new approach was tested in the rat retina and results were compared with the dual-circle scan approach for absolute retinal BF measurement.
Methods
A research-grade, spectral domain OCT system, designed and built by our group for various imaging studies in the animal retina [15] [16] [17] was modified for use in this study. Briefly, a broad bandwidth superluminescent diode (λ c ¼ 1060 nm, Δλ ¼ 110 nm, Superlum Ltd., Ireland) was used to achieve 3.5-μm *Address all correspondence to: Kostadinka Bizheva, E-mail: kbizheva@ uwaterloo.ca Journal of Biomedical Optics 110501-1 November 2017 • Vol. 22 (11) axial resolution in retinal tissue. The DOCT retinal imaging probe, comprised of three broadband NIR achromat doublet lenses (f 1 ¼ 10 mm, f 2 ¼ 60 mm, and f 3 ¼ 30 mm; Edmund Optics, Barrington, New Jersey) and a pair of galvanometric scanners (Cambridge Technologies, Bedford, Massachusetts), was designed to deliver a collimated imaging beam of 1.5 mm diameter to the rat cornea, thus achieving ∼5-μm lateral resolution in retinal tissue. The optical power of the imaging beam at the corneal surface was 1.7 mw, which is below the maximum permissible exposure as per the ANSI guidelines. 18 A highresolution spectrometer (P&P Optica, Waterloo, Canada) and an NIR line scan camera (1024-LDH2 92 kHz, Sensors Unlimited) were used at the detection end of the DOCT system. Male Brown Norway rats (n ¼ 10) weighting ∼300 g were used in this study to test the new DOCT scanning protocol and automatic retinal blood vessel segmentation algorithm. All experiments described here were approved by the University of Waterloo Animal Research Ethics Committee and adhered to the ARVO Statement for Use of Animals in Ophthalmic and Vision Research. The rats were anesthetized with ketamine/xylazine (0.2 ml∕100 g body weight) delivered intraperitoneally, and a subcutaneous injection of 5-ml sterile saline was administered immediately after to keep the animal well hydrated during the imaging procedure. The rat's head was stabilized stereotactically and one drop of 0.5% tropicamide (pupillary dilator; Alcon) was applied to each eye. One drop of 0.5% proparacaine hydrochloride (topical anaesthetic; Alcaine, Alcon) was applied to the imaged eye, and artificial tears were administered every 5 min to keep the cornea well hydrated and optically transparent.
A flow chart of the proposed new approach to evaluation of the absolute and pulsatile retinal BF is shown in Fig. 1 . A doughnut-shaped area of the rat retina, centered at the ONH was imaged using a dense concentric circular scan pattern [ Fig. 1(a) ]. Two-hundred concentric circular scans with diameters ranging from 0.8 to 1 mm were used to cover the imaged retinal area. Each concentric scan was comprised of 3000 A-scans, which offered overlap between adjacent A-scans of 78% to 84%, dependent on the diameter of the circular scan. The camera acquisition rate was set to 47 kHz resulting in a frame rate of 15.7 fps and total acquisition time of 12.7 s. To calculate the absolute BF for each retinal blood vessel, the information from each complex OCT image was divided into two parts: the amplitude was used to segment the retinal blood vessels Third, an algorithm based on modified graph theory and a dynamic programming 19 was developed and used to segment automatically the retinal blood vessels from the en-face shadow image. The two boundaries for each blood vessel were segmented pair-wisely and different blood vessels were segmented in sequence. Note that for branching blood vessels, only one branch was segmented by the automatic algorithm, while the second branch was ignored [yellow arrow in Fig. 1(c) ].
Once the vessels' segmentation was complete, a retinal surface elevation map was generated with all the segmented blood vessels labeled on it [ Fig. 1(d) ]. The axial and lateral displacements of each blood vessel along radial direction were determined from the surface elevation map and the Doppler angle was calculated using E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 2 ; 3 2 6 ; 1 9 8 θ ¼ arccos Δz ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Δx 2 þ Δy 2 þ Δz 2 p :
Here, Δy and Δz are the lateral and axial displacements of the blood vessel between adjacent circular scans, respectively, and Δx is the distance between adjacent circular scans (0.5 μm). The absolute retinal BF for the i'th concentric circular DOCT scan was calculated by dividing the axial BF by the corresponding Doppler angle [formula in Fig. 1(g) ]. In this study, Doppler angles larger than 85 deg were excluded from the data analysis, as the imprecision of calculating the absolute retinal BF is strongly dependent on 1∕ cosðθÞ. 6 Representative time traces of the retinal BF measured from three arteries and three veins in one rat are shown in Fig. 2(a) . These traces were selected to show the minimum, maximum, and mean BF pulsatility magnitude for all the retinal vessels of that animal. A 1.5-s time window shows five complete cardiac cycles and an average arteriovenous delay of 160 ms that was determined by applying a cross correlation method 20 to the sum of the arterial and venous flow. Quantitative metrics of the pulsatile BF, such as the mean BF, the pulsatility index (PI), and the resistance index (RI), were used to analyze the pulsatile BF. For each retinal blood vessel, the mean BF was calculated by averaging the BF within the time window, while the PI and RI were calculated using the definition formulas shown in Fig. 2(a) . To test the reproducibility of the pulsatile BF data, the same scanning protocol was repeated (n ¼ 6) in the same animal with 3-min time interval between consecutive measurements. Statistical data for the BF, PI, and RI are shown in Figs. 2(b)-2(d) , where arteries are marked in red color and veins in blue color. Although the absolute magnitudes for the arterial and venous BF were very similar and ranged from ∼0.7 to ∼0.9 μL∕ min, the arterial PI and RI values were higher than the ones determined for retinal veins, which is as expected. The same scanning protocol was applied to nine additional animals and the statistical results are shown in Fig. 3 and Table 1 . The average total retinal BF was 6.2 AE 0.8 μL∕ min in arteries and 5.6 AE 0.8 μL∕ min in veins. The difference between the arterial and venous total BF is most likely due to failure of the automatic segmentation algorithm to recognize and account for some of the retinal veins, as the veins in the shadow images may be of too low contrast to be segmented automatically with high confidence. Specifically in all 10 animals, the segmentation algorithm successfully identified and segmented a total of 66 arteries and only 56 veins. Figure 3(b) shows a histogram of the absolute BF measured from all segmented blood vessels. Arterial flow showed a slightly broader distribution compared to venous flow; however, the centroids for arterial venous BF histograms were almost identical. Furthermore, the mean absolute BF per vessel was very similar: 0.93 AE 0.28 μL∕ min in arteries versus 0.98 AE 0.26 μL∕ min in veins. Figures 3(c) and 3(d) show histograms for the PI and RI, respectively, determined from all segmented blood vessels. The average PI for all the retinal arteries was 22% higher than the average PI measured for all retinal veins. Similarly, the average RI for all the retinal arteries was 28% higher than the RI measured in all the retinal veins.
To evaluate the performance of the proposed new method for accurate assessment of pulsatile BF, results from the dense concentric circle protocol were compared with results from the dualconcentric circle protocol 6 using the same raw data. For the dual-circle protocol, the innermost and outermost of the 200 concentric scans were used to calculate the Doppler angle, while the eight central circular scans that covered one full cardiac cycle were used to calculate the mean axial BF. Results showed 3.8 AE 2.2 deg difference in the Doppler angle assessment between the dense concentric circle and the dual-concentric circle protocols, which resulted in ∼7% difference in the assessment of the absolute BF. Considering the fact that the dualconcentric circle scanning protocol does not account for changes in the spatial orientation of blood vessels with respect to the Journal of Biomedical Optics 110501-3 November 2017 • Vol. 22 (11) incident direction of the OCT imaging beam, it is natural to conclude that the dense concentric circle scanning protocol allows for more accurate assessment of the Doppler angle and consequently, the absolute retinal BF. In the animal experiments described here, the combination of anesthesia and head restriction with a custom stereotaxic stage reduced the head and eye motion significantly. This allowed us to explore a scanning protocol with a higher number of concentric circles to map more precisely the spatially varying Doppler angle. In contrast, the eye motion in human subjects is more pronounced and the retinal BF is faster, therefore applying this approach to human clinical studies will require setting the camera A-line rate to 92 kHz and reducing the number of concentric circular scans, in order to shorten the image acquisition time and minimize eye motion-related artifacts. We investigated how reduction in the number of concentric circles will affect the precision of measuring the spatially varying Doppler angle and the relevant data are summarized in Fig. 4 . From this analysis, it is clear that using 40 concentric circles can provide a fairly precise evaluation of the spatially dependent Doppler angle. Combined with an increase of the camera A-line rate to 92 kHz, this can shorten the image acquisition time for the procedure to <1.5 s. Although the human eye is much larger than the rat eye and the diameter of the concentric circles would increase proportionally, the fact that the human eye has a significantly smaller NA than the rat eye will reduce the lateral OCT resolution in the human eye by ∼3× to 4× compared to the rat eye. Therefore, a scanning protocol of 3000 A-scans per concentric circle will result in sufficient overlap between neighboring A-scans, necessary to generate a DOCT signal of good quality. By reducing the image acquisition time to ∼1.5 s in humans, the effect of eye motion on the quality of the DOCT data will be reduced significantly. Different motion correction algorithms can also be applied to further minimize the effect of any residual eye motion-related artifacts.
In conclusion, a dense concentric circle scanning protocol was developed using a camera with a relatively slow image acquisition rate (47 kHz) to measure accurately the pulsatile BF in retinal arteries and veins of the rat retina with SD-OCT. This method offers simplicity of the OCT system design, scanning protocol, and data analysis, as well as better accuracy in the measurement of the Doppler angle and the assessment of the pulsatile retinal BF. Although this method was tested in the animal retina, it can be easily adapted to imaging and assessment of retinal BF in the human eye by using the full speed of the camera (92 kHz). Because of its simplicity and accuracy, this method can find applications in both clinical studies and fundamental animal research of potentially blinding retinal diseases.
